Abstract The effect of D20 and dantrolene-Na(DAN)on the electrical and mechanical responses of single muscle fiber(mouse EDL and frog semitendinosus),Ca2+uptake and release of sarcoplasmic reticulum(SR) and contractile proteins was investigated to elucidate the coupling mechanism between depolarization and contraction. Both agents inhibited tension development induced by depolarization and caffeine,especially the initial phase of contraction(more pronounced in fast muscle)without affecting excitation of membrane and contractile machinery.The effect of DAN can be antagonized by increasing Ca2+ concentration and lowering the temperature of the medium.Ca2+ uptake and release abilities of isolated SR were not altered significantly in DAN,but were reduced considerably in D20. These results suggest that there is a Ca2+-mediated trigger mechanism for the rapid release of activator Ca2+from internal storage(SR).DAN and D20 interfere predominantly the action of the site(s)of this mechanism,probably on the T-tubules.In addition,D2O decelerates Ca2+ release from SR per se.
It has been shown by KAMINER and KIMURA(1972) that barnacle muscle increase of intracellular Ca2+associated with membrane depolarization is not detected. BEZANILLA and HOROWICZ(1975) showed the depression of fluorescence intensity(indicator of Ca2+movement)from Nile Blue A stained frog muscle in D2O. Recently,EASTWOOD et al.(1975) , SANDOW et al.(1976),and YAGI and ENDO(1976) reported the inhibition of mechanical response in intact and skinned skeletal muscle fibers.Contraction of heart muscle is also inhibited by the presence of D2O (EICHKORN et al.,1975) ;this situation might be brought about by depressing Ca2+influx.
In Ringer solution containing dantrolene-Na(DAN,muscle relaxtant; ELLIS and CARPENTER,1972) ,contraction of skeletal muscle is reduced by 80%,although the excitation of membrane remains apparently normal.Ca2+movement
in muscle cell as monitored by aequorin is depressed in DAN medium (HAINAUT and DESMEDT,1974) .Since D2O as well as DAN seem to have no direct effect on the contractile system,enzymes of cell membranes and the sarcoplasmic reticulum may be to dissociate the coupling between excitation of cell membranes and Ca2+ release from SR. Though it is certain that the T-system plays a crucial role in the process of signal transmission from the surface to the inside of the cell in skeletal muscle,the mechanism leading to the increase of myoplasmic Ca2+is still unknown (EBASHI,1976) . OOTA et al.(1976) suggested that entry of a small amount of Ca2+into the cell due to depolarization of T-tubule membrane might act as a trigger for large release of Ca2+from SR.Recent reports on the action of DAN by PUTNEY and BIANCHI(1974) , TAKAUJI et al.(1975) and HONMA et al.
This idea contradicts the proposal of SANDOW et al.(1975) that depolarization of the T-tubule membrane per se is responsible for Ca2+release from the SR. 
RESULTS
Twitch and tonic responses in normal Ringer(Ca2+;2mM) Both mouse EDL and frog semitendinosus muscle in normal Ringer solution responded mechanically and electrically to the intracellular stimulus,as shown in Fig.1 a,b .The responses shown here are those from single fiber although a bundle was used.When the stimulation was made by a long pulse current(1 sec),the tension was maintained during the application of current(tonic response, Fig.lc ,not inhibited by TTX).In mouse EDL,the duration of action potential and contraction was considerably shorter than those of frog semitendinosus. Sometimes,mouse EDL exhibited repeated excitation upon stimulus:this phenomena caused an apparent increase of twitch tension and duration of contraction of the fibers,as shown in Fig.1 d.This repetitive excitation was abolished by increasing the Ca2+concentration in the medium.
Response in D2O and DAN Ringer
In D2O Ringer(99%)solution,the mechanical response of the frog semitendinosus upon stimulus was markedly reduced without noticeable change in resting and action potentials (Fig.2a) .The tonic response was reduced to a lesser degree than that of twitch (Fig.2b) .Upon returning to normal Ringer,the twitch tension varied depending on the content of D2O in the Ringer,as shown in Fig.2d .The reduction of tension was also observed in mouse EDL muscle semitendinosus muscle fiber. 
Effect of external Ca2+concentration
Twitch amplitude of muscle fiber was somewhat reduced in high Ca2+Ringer, probably because of stabilization of membrane (FRANKENHAEUSER and LANNER-GREN,1967) .Also,increase of Ca2+concentration in the medium antagonized the inhibitory effect of DAN on twitch tension,as shown in Fig.7 .The same antagonistic effect of Ca2+in twitch response in D2O were noticed,however,to a lesser degree than those in DAN Ringer.In low Ca2+media(less than 0.1mM), contraction of EDL was augmented at first,followed by the loss of contractility within several minutes.Ca2+requirement for the function of mouse EDL seems to be more strict than for frog semitendinosus muscle which can respond to the stimulus in Ca2+-free medium for a considerable length of time (SANDOw et al., 1975) . Ca2+ uptake,release and ATPase activity of fragmented sarcoplasmic reticulum Fragmented sarcoplasmic reticulum(SR)from rabbit skeletal muscle exhibited ATP-dependent Ca2+uptake.In the control medium(0.1 M KC1,1 mM Mg2+, 0.1 mM Ca2+(45Ca),20 mM tris-maleate,pH 7.0)containing 1 mM ATP,the sample of this preparation binds about 100 nmol of Ca2+per mg of protein.The rate and the maximum Ca2+uptake of SR in DAN medium were slightly less than those of corresponding controls,but they were not statistically significant (Fig.10a) . On the other hand,in 99%D2O medium,Ca2+uptake of SR was reduced significantly,as shown in Fig.10a .This reduction of Ca2+uptake was not due to the irreversible change of SR in D2O because the pretreated SR with 99%D2O took up Ca2+to the same extent as that of original SR in H2O.
The Ca2+which had been loaded to the SR in H2O medium could be released by washout with large volumes of medium containing EGTA.When the dilution medium consisted of D2O,Ca2+ release from SR was markedly decerelated. There was no significant difference between Ca2+release in control and DAN medium (Fig.10b) . Hydrolysis of ATP by SR in the presence of Mg2+was greatly accelerated by the addition of Ca2+(extra splitting, HASSELBACH and MAKINOSE,1966) in the control medium as well as in that containing DAN,i.e.,DAN gave no effect on ATPase activity of SR.On the other hand,in D2O(99%),ATP hydrolysis of SR was decelerated,especially in early phase of reaction (Fig.11) .The disappearance of extra splitting of ATP by which the energy for Ca2+transport may be supplied,is consistent with the reduction of ATP-dependent Ca2+uptake ability of SR in D2O (Figs.10a and 11) . (ELLIS and CARPENTER,1972; PUTNEY and BIANCHI,1974; TAKAUJI et al.,1975; BEZANILLA and HOROWICZ,1975; YAGI and ENDO,1976; SANDOW et al.,1976) : 1)inhibition of twitch tension without affecting the membrane potential;2)depression of caffeine-and K+-induced contracture;and 3)no effect on the machinery for contraction.Also,the effect of DAN was most marked in twitch response of fast mammalian muscle (ELLIS and CARPENTER,1972) .DAN seems to interfere with the mechanism leading to the rapid release of Ca2+(trigger for release of activator Ca).However,most of the experiments on mammalian skeletal muscle were performed on a bundle or whole muscle,but not on single fibers,probably due to technical difficulties.We used intracellular stimulation so that the response recorded was from the single fiber in which the electrode was placed.
As reported previously (YAMAMOTO et al.,1976) ,muscle fibers exhibited twitch and tonic responses upon stimulus (Fig.1) .Both twitch and tonic responses were markedly depressed in D2O or DAN Ringer without noticeable change in the action potential although the elevation of threshold current in DAN was noticed. Since the tonic response may be attributed to the increase of myoplasmic Ca2+ utilized by depolarization of T-tubule membrane (YAMAMOTO et al.,1976) ,the reduction of tonic tension by D2O and DAN suggests that Ca2+entry through the T-system is blocked.
Contraction of muscle fibers at high temperature is much faster than that at low temperature.Correspondingly,the duration of action potential is also temperature dependent,as illustrated in Fig.4 .In mouse EDL,the peak tension of twitch response was reduced considerably even in normal Ringer by simply lowering the temperature.However,in D2O Ringer(50%)at low temperatures,reduction of twitch tension was not drastic(in 99 %D2O,tension development was too small to measure),so that the relative inhibition represented as the ratio of the peak tension was apparently small at low temperature ranges.The effect of DAN was also potentiated at high temperature ranges as examined in mouse EDL and frog semitendinosus muscle fibers (Figs.5 and 6 ).The time to peak tension was not altered in D2O or DAN at each temperature but the initial rate of rise was reduced.These facts indicate that some rate-limitting chemical process which is temperature-dependent may be involved in the mechanism of rapid signal transmission into the cell.D2O and DAN prevent the release of activator Ca2+from the SR by decelerating this chemical process.The involvement of trigger Ca2+in this mechanism was postulated by the depression of DAN effect at high external Ca2+concentration (Fig.7) .These observations are in agreement with those of CARPENTER(1972)and TAKAUJI et al.(1975) that DAN inhibited predominantly the initial phasic component of K+contracture,probably mediated by trigger Ca2+located on the T-system.
K+and caffeine contracture were inhibited by.D2O, mucn more marxealy than by DAN.The difference between D2O and DAN can be explained by assuming that D2O blocks not only the trigger mechanism but also decelerates the release of activator Ca2+.In fact,this was shown in several experiments.In isolated SR, both the rate and amount of uptake and release of Ca2+were reduced to a considerable degree in D2O medium whereas DAN gave a small effect (Fig.10 and TAKAUJI et al.,1975) ,although VAN WINKLE(1976) recently reported that DAN significantly suppressed the Ca2+release from SR in isolated system.In the intact fibers,the intensive contraction with long duration which reflected the large release of Ca2+from internal storage(explosive contraction in low Ca2+ medium, YAMAMOTO et al.,1976) was hardly observed in D2O Ringer(trace is not shown;it occurs in DAN Ringer). SANDOW et al.(1976) characterized the effect of D2O on mechanical properties of frog muscle fibers as (1) prolongation of latency period and(2)decrease of initial rate of tension development(dP/dt).They suggested that these effects were caused by (1) lowered rate and amount of Ca2+release from SR and(2)a reduced speed of diffusion of Ca2+to the contractile filaments in D2O. YAGI and ENDO (1976) also demonstrated that the Ca2+release in skinned fibers was reduced in D2O. EASTWOOD et al.(1975) ,on the other hand,could not detect any effect of D2O on internal membrane system(SR)although they recognized the depression of K+contracture of crayfish muscle fibers with prolongation of relaxation time. The differences between their results and those shown here as well as those of SANDOW et al.(1976) and YAGI and ENDO(1976) probably attributed to the differences of the materials(crayfish and mammalian or frog muscle)although it seems that observation of EASTWOOD et al.(1975) can be interpreted as the reflection of retardation of Ca2+uptake ability of SR in D2O. Lack of enhancement of ATP hydrolysis of SR by Ca2+from which the energy of Ca2+transport may be supplied (HASSELBACH and MAKINOSE,1966) in D2O is quite consistent with the fact that SR exhibits reduced Ca2+uptake in this medium.
It is evident that from these results,there is a trigger mechanism responsible for the rapid release of activator Ca2+.However,role of Ca2+in the trigger mechanism cannot be immediately defined as for the Ca2+-induced Ca2+release; this mechanism may play only minor role in the E-C coupling process (THORENS and ENDO,1975 ).An attractive theory presented by SCHNEIDER and CHANDLER (1973) shedded some light on this problem,i.e.,the movement of charged particles in the T-system opens the Ca2+channel in the SR membrane (CHANDLER et al., 1976) .It seems that a certain chemical process mediated by Ca2+located on Tsystem,other than electrical events,is involved in the coupling between depolarization of T-tubule membrane and Ca2+release from SR.
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